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Approximately 3.2–5.3 million Americans live with the consequences of a traumatic brain injury (TBI),
making TBI one of the most common causes of disability in the world. Visual deﬁcits often accompany
TBI but physiological and anatomical evidence for injury in mild TBI is lacking. Axons traversing the cor-
pus callosum are particularly vulnerable to TBI. Hemiﬁeld representations of early visual areas are linked
by bundles of ﬁbers that together cross the corpus callosum while maintaining their topographic rela-
tions. Given the increased vulnerability of the long visual axons traversing the corpus callosum, we
hypothesized that inter-hemispheric transmission for vision will be impaired following mild TBI. Using
the travelling wave paradigm (Wilson, Blake, & Lee 2001), we measured inter-hemispheric transmission
in terms of both speed and propagation failures in 14 mild TBI patients and 14 age-matched controls. We
found that relative to intra-hemispheric waves, inter-hemispheric waves were faster and that the inter-
hemispheric propagation failures were more common in TBI patients. Furthermore, the transmission fail-
ures were topographically distributed, with a bias towards greater failures for transmission across the
upper visual ﬁeld. We discuss the results in terms of increased local inhibition and topographically-selec-
tive axonal injury in mild TBI.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
Approximately 3.2–5.3 million Americans live with the conse-
quences of a TBI making it one of the foremost causes of disability
in the USA (Coronado et al., 2011; Corrigan, Selassie, & Orman,
2010). Visual deﬁcits are one of the most common complaints after
TBI (Greenwald, Kapoor, & Singh, 2012; Kapoor & Ciuffreda, 2002).
TBI results from an insult to the brain from an external mechanical
force and is often associated with perceptual or cognitive impair-
ment. The sudden acceleration and deceleration that occur during
a concussion are thought to stress, stretch and tear connecting
axons (Meythaler et al., 2001). The effects of axonal injury in TBI
on visual deﬁcits are poorly understood, despite our vast knowl-
edge of cortico-cortical connectivity of the visual system.
The inter-hemispheric pathways connecting the primary and
extrastriate visual cortices are important for a coherent perceptionof the visual scene. Integration across the visual ﬁeld is essential
for tasks such as visuomotor coordination (Peru et al., 2003) and
reading (Brysbaert, 1994). Performance on such tasks is often com-
promised following TBI (Caeyenberghs et al., 2011; Kapoor &
Ciuffreda, 2002). Understanding the causes of visual impairment
in TBI is therefore critical to the development of novel therapies
that are not only compensatory, but also restorative (Ciuffreda
et al., 2008; Schlageter et al., 1993; Schuett & Zihl, 2013).
The callosal connections of the early visual areas are amongst
the longest in the human brain—they span from the occipital pole
in one hemisphere to the other—but it is unclear if they are
implicated in TBI-associated visual deﬁcits. Callosal connections
are particularly susceptible to diffuse axonal injury (Benavidez
et al., 1999; Mendelsohn et al., 1992) and their injury has been
linked to a variety of neurocognitive deﬁcits. For example,
Caeyenberghs et al. (2011) report that TBI-induced decrease of
fractional anisotropy in the corpus callosummeasured by diffusion
tensor imaging (DTI) was related to impaired bimanual coordina-
tion in young adults. Another recent study showed that reduced
fractional anisotropy and higher radial diffusivity of the corpus cal-
losum was related to poorer verbal and visuospatial working
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changes to the corpus callosum were associated with abnormal
performance in verbal dichotic listening and tachistoscopic identi-
ﬁcation of verbal material (Benavidez et al., 1999). Thus, TBI does
appear to cause injury to the corpus callosum.
Given the role of callosal connections in linking visual ﬁeld
representations in early visual cortex, we sought to measure two
components of inter-hemispheric transfer in vision after mild
TBI—the speed of transfer and the success of transmission. To make
both measurements, we employed the travelling wave paradigm of
Wilson, Blake, and Lee (2001). The paradigm involves dichoptic
presentation of two different, and therefore rivalrous, ring stimuli
to the two eyes. The switch of dominance between the two
monocular retinal images does not occur at once but it is ratherTarget
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Fig. 1. Stimuli presentation. This example depicts one of the eight possible conditions (s
eye and no pattern in the right. After 2.5 s, the high contrast spiral pattern is presented to
in the suppressed eye 1.67 s later for 0.75 s elicits the travelling wave percept in both dir
with respect to the vertical meridian. The shortest path to the arrival point is 120 of polar
the nonius lines.accompanied by systematic transition along the ring in the form
of a ‘‘travelling wave’’ sweeping across the visual ﬁeld ((Wilson,
Blake, & Lee, 2001); Fig. 1).
The onset of travelling waves can be controlled by a stimulus
trigger which allows us to quantify the speed of the travelling
wave—the rate at which the wave sweeps from the trigger to the
arrival point. When the trigger and target are in different hemi-
ﬁelds, the wave of neural activity must then traverse the corpus
callosum. Inter-hemispheric waves tend to be slower, likely due
to transcallosal transfer (Genç et al., 2011b). In the absence of
TBI, the speed of an inter-hemispheric wave is related to the frac-
tional anisotropy of the V1–V1 transcallosal projections as mea-
sured by DTI—higher fractional anisotropy (FA) was associated
with slower inter-hemispheric speeds. It is difﬁcult to determineRight Eye Binocular Percept
ee Section 2). The trial begins with the presentation of the target pattern to the left
the right eye and perceptually suppresses the target pattern. The trigger presented
ections. Here, the trigger is presented to the left eye at 110 of polar angle clockwise
angle away clockwise. Participant pressed the space bar to report the wave crossing
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changes, and the effect of TBI on the direction of FA changes
remains ambiguous (Hulkower et al., 2013). It is reasonable to
assume that TBI can reduce the integrity of the callosal connec-
tions, and we predict such changes would result in reduced speed
and lower success rate of inter-hemispheric transfers.
We measured inter- and intra-hemispheric wave travel times
and propagation success in a group of 14 mild TBI patients and
14 age-matched controls. We tested two related but independent
hypotheses: ﬁrst, that the speed of inter- versus intra-hemispheric
waves would differ more in the mild TBI group owing to putative
TBI-related disturbance of the transcallosal ﬁbers. Second, that
wave propagation failures—number of unseen waves—would be
higher in the TBI group owing to putative callosal injury. Our
results show that there is no reliable difference in the absolute tra-
vel times between the two groups, but that the ratio of inter- to
intra-hemispheric wave speed was lower in the TBI group. In addi-
tion, compared to controls, mild TBI patients had more wave prop-
agation failures, speciﬁcally pronounced for the inter-hemispheric
waves. This disruption was only evident in the upper visual ﬁeld,
linked by callosal ﬁbers bundled in the anterior splenium (Saenz
& Fine, 2010).2. Material and methods
2.1. Participants
A group of 14 participants (8 females, 6 males, mean age
35.14 years ± 16.65 SD) who had suffered a mild TBI was recruited
from theMcGill University Health Center TBI Program (see Table 1).
A group of 14 age- and gender-matched subjects (8 females, 6
males, mean age 31.54 years ± 16.43 SD) without history of TBI
was recruited as control participants. Participants were considered
mild TBIs if they had (1) any amnesia of events immediately before
or after the accident lasting no longer than 24 h and (2) a Glasgow
Coma Score ranging between 13 and 15. If loss of consciousness was
present, it had to be shorter than 30 min. Mild TBI patients could be
considered trivial, simple or complex (presence of a positive acute
intracerebral bleeding in CT scan). The time between the TBI and
the testing session varied between 2 weeks to 7 months. All partici-
pants in both groups had normal or corrected-to-normal visual
acuity. All procedures were in accordance with the Code of Ethics
of theWorldMedical Association (Declaration of Helsinki) andwere
approved by the Research Ethics Board of the McGill University
Health Centre. Informed consent was obtained from all participants
prior to data collection. All participants were verbally screened for
relevantmedical history e.g. visual and psychiatric disorders, recur-
rent migraines, or vertigo. The exclusion criteria were general anes-
thesia within the past six months, other acquired brain injuries in
the past, severe tremors and/or epilepsy. In addition, all partici-
pants underwent a brief neuropsychological screening of visual
attention—the Trail Making Test A (Giovagnoli et al., 1996), the
Bells Test (Gauthier, Dehaut, & Joanette, 1989)—and spatial
neglect—the Clock-drawing test (Ishiai et al., 1993).2.2. Stimuli and experimental procedure
We adopted stimuli and methodology reported in detail else-
where (Genç et al., 2011a). In brief, participants viewed dichopti-
cally two monocular annuli each containing a grating. One
grating was represented by a high Michelson contrast (100%) spiral
pattern with a spatial frequency of 3.64 cycles per degree (cpd),
pitch angle of 45 and a green hue. The other, ‘‘target’’ grating
was represented by a low contrast radial pattern with a spatial fre-
quency of 2.54 and a contrast of 40%. A bull’s eye pattern wasbinocularly presented in the middle of the annuli for central ﬁxa-
tion during the task.
In each trial, a participant was presented with the target in one
eye and 2.5 s later, the other eye was presented with the high con-
trast pattern for 1.67 s, usually resulting in complete suppression
of the target. In order to trigger the wave of dominance of the sup-
pressed target, a three spatial cycles wide (1.18) local increment
of the target’s contrast—‘‘trigger’’—was presented for 0.75 s at
one of the four positions along the annulus (see below). The par-
ticipants’ task was to press the space bar when the travelling wave
reached a speciﬁed location (‘‘arrival point’’) marked with two
black lines (Fig. 1). Immediately after pressing the space bar, sub-
jects were asked to press the ‘‘1’’ key to indicate whether they per-
ceived the wave and responded immediately when the wave
passed the arrival point, or to press ‘‘2’’ to indicate otherwise.
The waves were respectively categorized as ‘‘seen’’ and ‘‘unseen’’.
There was only one arrival point in each trial, always located
120 of the polar angle away from the trigger. The four possible
locations of the arrival point were 50, 130, 230 or 310 from
the vertical meridian. Importantly, the position of the arrival point
relative to the trigger could be either within the same hemiﬁeld or
in the other hemiﬁeld. This setup therefore allowed the measure-
ment of the travelling wave speed within or between the hemi-
spheres through the corpus callosum. Because the wave travels
in both directions from the trigger, two possible waves could
always reach the arrival point—a wave travelling 120 or 240 of
the polar angle. Participants were instructed to respond to the
shorter (120) wave only.
Each participant completed eight runs—four arrival point loca-
tions times two possible dichoptic presentations (target presented
to the left or right eye)—in a randomized order. After each run, par-
ticipants were offered a break of variable length and continued at
will. The number of trials per run depended on the participant’s
response to whether or not they perceived the wave. For each
run, at least 10 inter- and 10 intra-hemispheric waves must have
been reported as seen resulting in at least 160 trials per subject
(20 in each quadrant  4 quadrants 2 eyes). The total number
of trials varied across the subjects; 190–392 (average 268
trials ± 56 SD) in the control group, and 192–770 (average 341
trials ± 150 SD) in the TBI group. The total number of waves cat-
egorized unseen varied between 15 and 198 (average 80 trials ± 52
SD) in the control group and between 9 and 557 (average 155
trials ± 140 SD) in the TBI group.
Stimuli were created using Psychtoolbox (Brainard, 1997) for
MATLAB (MathWorks, Natick, MA) and presented on a gamma-cor-
rected 3D display Asus VG23AH (refresh rate = 60 Hz). The display
was driven by NVIDIA Quadro 2000, 1024 MB graphics card
installed on a PC (Intel Core i7, 3.2 GHz, 12 GB RAM). Participant
viewed the screen dichoptically through polarized 3D glasses from
a viewing distance of 73 cm.
2.3. Analysis
To exclude outliers for each subject, we calculated the mean
and standard deviation (SD) of travel times and then categorized
waves whose travel times were ±2 SDs from that subject’s mean
as unseen—similar to Genç et al. (2011b). Data from one TBI par-
ticipant were excluded from the group analysis because the sub-
ject’s speed estimates were implausible with respect to the
previously published literature and were more than 2 SDs faster
than the group average.
Because we hypothesized change in inter-hemispheric travel
time, we normalized the subject’s travel times by dividing the
intra-hemispheric travel time by the inter-hemispheric travel time.
Expressed this way, the ‘‘I/I ratio’’ < 1 suggested a relative accelera-
tion of inter-hemispheric waves. This ratio is more robust for inter-
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accounts for the normal variations of binocular rivalry dynamics
in the human population (Miller et al., 2010). The I/I ratio was then
subjected to a between-group two-tailed t-test to assess differ-
ences in propagation speeds between the mild TBI and control
groups. We also compared the raw inter- and intra-hemispheric
propagation speeds within each group using paired two-tailed t-
tests.
To compare wave propagation failures in general between the
two groups, we compared the proportion of unseen waves between
the two groups (% of unseen from total). In order to measure prop-
agation failure across the visual ﬁeld, we calculated a deviation
score of the number of unseen waves—e.g. trials where subjects
reported not seeing the wave—in each quadrant. The deviation
score was simply the sum of squared differences between the
actual vs. expected number of unseen waves—1/4 of the total num-
ber of unseen waves for each subject—following the logic that if
propagation failures are uniform across the visual ﬁeld, the devia-
tion score would be zero. The deviation scores were separately
analyzed for inter- and intra-hemispheric trials. We counted
unseen waves—as opposed to the seen waves—because our design
enforced a minimum of 10 seen waves in each run (for each quad-
rant) and this may have served to underestimate the propagation
failure rate. The deviation score was then log-transformed and sub-
jected to a between-group two-tailed t-test to compare inter- vs.
intra-hemispheric propagation failures in the mild TBI vs. controls.
Because of the topographic separation of callosal V1 connec-
tions in terms of upper and lower visual ﬁelds, we sought to com-
pare measures of propagation failures for inter-hemispheric waves
as a function of the visual ﬁeld portion. We used between-group
one-tailed t-tests to assess whether TBI patients had more prop-
agation failures than controls in each visual ﬁeld. We carried out
this analysis using both deviation scores and failure rates sepa-
rated by visual ﬁelds.
We further explored correlations between travelling wave mea-
sures (travelling time and failure rate) and time since injury using
Pearson’s correlation.3. Results
3.1. Travelling waves
We found that, contrary to our prediction, the inter-hemi-
spheric wave propagation speed, expressed as ratio of the intra-
hemispheric wave propagation speed, was faster in TBI
(0.97 ± 0.019) than in the controls (1.02 ± 0.016; t25 = 2.215,
p = 0.037, Fig. 2). This effect was evident only when individual vari-
ability was minimized by the ratio normalization—the average0.9
1
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Fig. 2. Comparison of the mean normalized travelling time of inter-hemispheric
waves for the TBI and control groups. ⁄p < 0.05. Error bars represent between-
subject SEM.speed of the wave propagation did not differ otherwise between
conditions and groups (p > 0.05).
Mild TBI patients exhibited more propagation failures
(t25 = 2.07, p = 0.049) indicated by larger percentage of unseen
waves (Fig. 3). Propagation failures were also more inconsistent
across the visual ﬁeld for the mild TBI group than the controls—
the deviation score measuring the propagation failure across the
visual ﬁeld was signiﬁcantly higher for the inter-hemispheric
waves (t25 = 2.494, p = 0.02) suggesting non-uniform propagation
failures across the visual ﬁeld (Fig. 4).
Driven by the known anatomical distribution of the V1–V1
transcallosal connections where the ﬁbers connecting the upper
and lower visual ﬁeld are located in the anterior and posterior
parts of the splenium, respectively (Saenz & Fine, 2010), we ana-
lyzed the deviation scores and the propagation failures separately
for the upper and lower hemiﬁelds (Fig. 5). This analysis revealed
that failure rates were reliably different between the two groups
in the upper hemiﬁeld (t25 = 1.722, p < 0.049) as opposed to the
lower hemiﬁeld (t25 = 1.403, p = 0.086).
The results could not be explained in terms of ocular effects,
potentially due to strabismic suppression—or to time since injury.
First, it did not matter in which eye the radial stimulus (target) was
presented—there was no difference in travelling times (inter- and
intra-hemispheric combined) (t25 = 1.198, p = 0.242) or prop-
agation failures (t25 = 0.25, p = 0.804) between the groups depend-
ing on which eye was presented with the target. Second, the
propagation times in the TBI group (inter- and intra-hemispheric
combined) did not correlate with time since the injury (Pearson’s
r = 0.04, p = 0.898). The rate of failures also did not correlate with
time since TBI (r = 0.455, p = 0.118). Therefore the effects are likely
due to changes in cortical factors rather than ocular or gross
neurological/recovery factors.
The raw wave travelling times across all participants were gen-
erally similar to those reported by Genç et al. (2011b, 2013). In the
control group, the average travelling times of the inter- and intra-
hemispheric waves were 2.64 s ± 0.33 and 2.68 s ± 0.32 SEM (stan-
dard error of the mean), respectively. The difference between the
inter- and intra-hemispheric travelling times (0.033 s ± 0.01 SEM)
did not reach statistical signiﬁcance (t13 = 0.851, p = 0.41). In the
TBI group, the wave travelling times were in general—albeit
insigniﬁcantly (t25 = 0.155, p = 0.697)—longer (Fig. 6).
3.2. Neuropsychological assessment
The two groups did not signiﬁcantly differ in any of the neu-
ropsychological tasks (Trail Making Test; t26 = 1.309, p = 0.2, Bells
Test; t26 = 0.291 p = 0.774). TBI patients were on average actually0
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Fig. 3. Travelling wave propagation failure. Figure shows the mean percentage of
failed (unseen) waves for the TBI and control groups. ⁄p < 0.05 for the pooled data
(inter- and intra-hemispheric data combined). Error bars represent between-
subject SEM.
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Fig. 4. Reliability of the perceived waves across the visual ﬁeld. It is expressed as
sum squared difference of expected and actual failure rate for each quadrant.
⁄p < 0.05. Error bars represent between-subject SEM.
42 D.P. Spiegel et al. / Vision Research 109 (2015) 38–44faster than control subjects in both tests (Trail Making Test;
26.53 s ± 2.43 vs. 30.5 s ± 1.76, Bells Test; 94.17 s ± 11.12 vs.
98.1 s ± 7.72); however, TBI subjects tended to miss more bells
(3.64 ± 0.8 vs. 2.2 ± 0.57).
4. Discussion
We employed the travelling wave paradigm in order to compare
the binocular dominance dynamics and transcallosal transfer in a
group of TBI patients and matched controls. We found that both
propagation speed and propagation success were affected in the
TBI group. The I/I ratio was signiﬁcantly smaller in the TBI group
compared to the control group, suggesting that inter-hemispheric
waves were travelling faster than the intra-hemispheric waves in
the TBI group once corrected for inter-individual variability in
binocular rivalry dynamics. TBI patients also had higher prop-
agation failures and greater variability of failures across their
visual ﬁeld, with both parameters being greater for inter-hemi-
spheric waves and in particular, for inter-hemispheric waves in
the upper visual ﬁeld.
The observed results could not be readily explained in terms of
ocular or gross neurological/recovery factors. There was a lack of
correlation between the time since TBI and travelling times and
propagation failures, indicating that the observations were not
related to the post-injury duration. The effect of transcallosal delay
in our sample of control subjects was subtle and did not reach sta-
tistical signiﬁcance, similar to Genç et al. (2011b). In the group ofProportion unseen [%]
0 10 20 30 40 50 60
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Upper HF
Lower HF
Control
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*
Fig. 5. Travelling wave propagation failures of the inter-hemispheric waves pooled
for the two upper and lower hemiﬁelds (HF). ⁄p < 0.1 (one-tailed t-test). Error bars
represent between-subject SEM.mild TBI patients, both inter- and intra-hemispheric waves tended
to be slower compared to control group. Interestingly, the inter-
hemispheric waves tended to be faster than the intra-hemispheric
ones in this group, albeit non-signiﬁcantly.
The general, albeit not statistically signiﬁcant, decrease in wave
travelling speed in the TBI group could be potentially attributed to
the impaired attention (Stierwalt & Murray, 2002). The task
employed in the current study requires a well-timed button press
and therefore any attentional deﬁcit and an associated delay in
button press may potentially mimic longer travelling times. We
do not think that this is the case. Firstly, participants were asked
after each trial to conﬁrm that their button press was timely.
Secondly and more importantly, we did not ﬁnd any systematic
differences between the TBI and control groups in the Trail
Making Test A and Bells Test. Although different in nature from
the task performed by participants, they are designed to assess
visual attention (Gauthier, Dehaut, & Joanette, 1989; Giovagnoli
et al., 1996) which could have presumably affected the outcome
measures.
The corpus callosum is vulnerable to TBI-related diffuse axonal
injury (Inglese et al., 2005). Although these changes are usually not
revealed by standard clinical brain imaging tools in mild TBI, they
often manifest in DTI imaging (Hulkower et al., 2013) and are
linked to slower transcallosal transfer (Caeyenberghs et al., 2011;
Treble et al., 2013). Counterintuitively, we found that I/I ratio
was signiﬁcantly lower in the TBI group and on average lower than
one. This ﬁnding suggests a relative acceleration of inter-hemi-
spheric waves considering that the intra-hemispheric travel times
were comparable (p = 0.7). Here, we speculate on a tentative expla-
nation of this observation.
In contrast to our initial hypothesis that focused on inter-hemi-
spheric wave dynamics, TBI may predominantly slow down the
dynamics of the intra-hemispheric waves with a minimal effect
on the inter-hemispheric wave dynamics. In the TBI group, we
observed a trend towards longer intra-hemispheric wave prop-
agation times, and signiﬁcantly lower I/I ratio than in the control
group. These patterns are consistent with intra-hemispheric wave
propagation times being affected more than inter-hemispheric
ones. Inter-ocular dynamics are affected by GABA concentrations
in the visual cortex, with increased GABA concentrations being cor-
related with reduced rates of rivalry—essentially, slower prop-
agation dynamics (van Loon et al., 2013). Increased GABA
concentrations also correlate with prolonged cortical silent periods
as measured with cortical stimulation such as transcranial mag-
netic stimulation (TMS). Interestingly, cortical silent period has
been reported to be prolonged in TBI (De Beaumont et al., 2007;
Tremblay et al., 2011). TBI patients also have larger TMS-induced1.5
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Fig. 6. Average raw wave travelling times in the control and TBI groups for the
inter- (ﬁlled) and intra-hemispheric (open) bars. Error bars represent between-
subject SEM.
Table 1
Participants’ details.
ID Age Gender Trail Making
Test Time [s]
Bells
Test
Time [s]
Bells Test
– missed
TBI
classiﬁcation
T01 28 M 24.78 86.09 2 Mild complex
T02 20 F 34.52 173.94 3 Mild simple
T03 32 M 20.48 126.27 3 Mild simple
T04 53 F 27.93 133.35 1 Self-reported
T05 31 F 21.62 90.32 8 Mild simple
T06 35 F 22.94 81.84 2 Mild simple
T07 63 M 38.15 100.75 0 Mild complex
T08* 22 F 31.17 168.88 0 Mild simple
T09 24 F 22.549 50.148 9 Mild simple
T10 26 F 28.239 63.796 2 Mild trivial
T11 19 M 16.398 57.406 6 Mild complex
T12 43 F 19.899 58.167 6 Mild simple
T13 36 F 48.179 50.199 7 Mild complex
T14 22 M 14.617 77.17 2 Mild simple
C01 21 F 33.86 101.38 0 Control
C02 23 M 26.9 132.63 0 Control
C03 21 M 27.34 130.97 0 Control
C04 21 M 29.34 70.12 2 Control
C05 19 F 16.41 148.71 0 Control
C06 22 F 35.36 96.66 1 Control
C07 32 M 30.62 112 2 Control
C08 24 F 29.635 66.738 7 Control
C09 35 F 27.808 61.463 5 Control
C10 29 F 31.543 75.894 3 Control
C11 26 F 23.48 99.08 1 Control
C12 66 M 38.979 65.411 3 Control
C13 71 F 43.616 83.722 4 Control
C14 34 F 31.54 128.676 3 Control
T = TBI; C = control; M = male; F = female.
* Excluded from analysis.
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threshold) indicating reduced intra-hemispheric excitability
(Chistyakov et al., 2001; Tallus et al., 2012; van Loon et al.,
2013). Altogether, it is reasonable to assume that TBI can affect
the balance of excitation and inhibition in the visual cortex that
may selectively delay the propagation of the intra-hemispheric
waves, therefore reducing the normalized inter-hemispheric trans-
fer times.
Increased propagation failures in TBI may be more directly
indicative of callosal injury. Rather than simply affecting transmis-
sion efﬁciency, mild TBI may more directly cause axonal loss.
Severance of axonal loss would directly impede the propagation
of the wave across hemispheres, which is precisely what we
observed. It is reasonable to assume that the remaining axons
would maintain their integrity and their physiological function.
Our results predict that increased propagation failure would corre-
late with decreased V1 callosal volume or reduced fractional aniso-
tropy as potentially measured with non-invasive methods such as
DTI.
The observation that the deviation score was larger in the upper
visual ﬁeld is intriguing. The callosal connections of the ventral pri-
mary visual cortex that serve the upper visual ﬁeld are understood
to be bundled in the anterior portion of the splenium (Saenz & Fine,
2010). The fact that propagation failures are more spatially selec-
tive implies that TBI-related loss is not uniform but that some axo-
nal bundles may be more vulnerable than others. We therefore
predict that spatially-speciﬁc propagation loss as measured by
the wave propagation task would correlate with callosal V1 loss
in the splenium—increased failure in the upper visual ﬁeld would
predict lower anterior splenium volume, assuming wave prop-
agation is mainly subserved by V1.
A limitation of the study design is that although both TBI and
control participants were verbally screened for any visiondisorders, they did not receive a thorough ocular examination.
The task in this study requires good binocular function and binocu-
lar anomalies such as intermittent tropias are certainly frequent
complications of TBI (Kapoor & Ciuffreda, 2002). One could there-
fore argue that binocular abnormalities, in particular suppression
associated with tropias, could have an effect on our observations.
We do not believe that this is the case. Firstly, clinical presentation
of adult-onset strabismus is characterized rather by diplopia than
suppression (Gunton & Brown, 2012) and no subject reported dou-
ble vision during the experiment. Secondly, such suppression
would have equally affected the inter- and intra-hemispheric
waves regardless the position of the trigger and the arrival point.
Thirdly, we speciﬁcally screened patients for visual impairment
and none reported any such deﬁcits. Lastly and importantly, the
performance of subjects was unrelated to the ‘‘trigger’’ eye, mean-
ing that there were no ocular differences that could be explained
by ocular suppression.
A key challenge in studying visual perception in TBI is the
heterogeneity of the injury. It is inconceivable that all patients
had similar patterns of injury, and therefore it remains possible
that the consistent losses observed across patients are due to dif-
ferent mechanisms that result in similar outcomes. Our results
do not directly support callosal loss and such a putative mecha-
nism would be substantially bolstered by direct neuroimaging
data. Furthermore, we have no way of excluding contributions
from extrastriate areas in the wave propagation.
We report two key ﬁndings, namely a decrease of the I/I ratio
and increased propagation failures for inter-hemispheric transmis-
sions in mild TBI, particularly for propagation across the upper
visual ﬁeld. Our results implicate a loss of inter-hemispheric trans-
mission after mild traumatic brain injury, and future studies are
needed to link this result to their underlying neural substrates.Acknowledgments
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